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ABSTRACT
Concentration data alone are often insufficient to resolve metal sources. This
study applies stable Zn and Cu isotopes to fingerprint and track the sources of these
metals in a sediment core from Lake Ballinger near Seattle, Washington, USA. The base
of the Lake Ballinger core pre-dates settlement in the region, while the upper sections
record the impact of atmospheric emissions from the nearby Tacoma smelter, as well as
Cu and Zn inputs from urban sources. δ66Zn and δ65Cu varied by 0.42‰ and 0.29‰,
respectively, over the >300 year core record. Isotopic changes were correlated with the
pre-smelter period (δ66Zn = +0.30‰; δ65Cu = +0.77‰), a period of smelter operation
(δ66Zn = +0.14 ± 0.06‰; δ65Cu = +0.94 ± 0.1‰), and a post-smelting/stable urban land
use period (δ66Zn = 0.00 ± 0.1‰; δ65Cu = +0.82‰). Rapid urbanization in the mid
1900’s did not significantly impact the δ66Zn and δ65Cu smelter signatures, suggesting
that increased metal loads during this time were derived mainly from mobilization of
historically contaminated soils. Urban sources of Cu and Zn were dominant over the last
2 decades, and the δ66Zn measured for tire samples suggests tire wear is a likely source of
Zinc.

vi

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ................................................................................... iv
ABSTRACT.............................................................................................................v
TABLE OF CONTENTS ....................................................................................... vi
LIST OF TABLES ................................................................................................ vii
LIST OF FIGURES ............................................................................................. viii
1: INTRODUCTION ..............................................................................................1
2: LOCATION AND HISTORY OF STUDY AREA............................................3
2.1

Lake Ballinger and the Tacoma Smelter .....................................................3

3: METHODS .........................................................................................................4
3.1 Collection and analysis of sediment core..................................................4
3.2 Tire samples ..............................................................................................5
3.3 Selective sequential dissolution (SSD) of sediment core samples............6
3.4 Isotopic analysis ........................................................................................7
4: RESULTS ...........................................................................................................9
4.1 Core dating ................................................................................................9
4.2 Trace element MARs ..............................................................................10
4.3 Concentration data ..................................................................................12
5: DISCUSSION ON ZINC AND COPPER ISOTOPES ...................................15
5.1

Pre-smelter period ..................................................................................15

5.2

Period of smelter operation......................................................................17

5.3

Post-smelter period of stable land-use and Zn in tires ...............................19

5.4

SSD Isotopic Data ..................................................................................21

6: CONCLUSIONS ..............................................................................................22
REFERENCES ......................................................................................................24
APPENDIX ............................................................................................................27
CURRICULUM VITA ..........................................................................................44

vii

LIST OF TABLES
Table 1: Analytical data for tire samples………………………………………………….6
Table 2: Selective Sequential Dissolution (SSD) technique……………………………...7
Table A-1 (Part 1): Analytical data for Lake Ballinger sediment core ………………….38

Table A-1 (Part 2): Analytical data for Lake Ballinger sediment core…………………. 39

viii

LIST OF FIGURES

Figure 1: Location of Lake Ballinger……………………………………………….……..4
Figure 2: Mass dependency plot for Zn isotopes measured during this
investigation…………………………………………………………................9
Figure 3: Plot showing the relationship between Total Organic Carbon(%), Aluminium
concentration (mg/kg), and sediment mass accumulation rate (MAR) (µg/cm2yr) with estimated ages in yrs…………………….............................................11
Figure 4: Sediment MAR (µg/cm2-yr) data for total digested sediment samples and
concentration data (mg/kg) for total digested sediment and SSD samples plotted
versus calculated age in yr……………………………......................................13
Figure 5: Sediment MAR (µg/cm2-yr) data for total digested sediment samples and
concentration data (mg/kg) for total digested sediments from Lake Ballinger and
Lake Washington………………………………………………………………14
Figure 6: Mass Accumulation Rate (MAR) (µg/cm2-yr) data for Cu and Zn and δ66Zn
and δ65Cu data for total digested sediment samples plotted vs. calculated
age……………………………………………………………………………...16
Figure 7: Isotopic data for SSD and total digested sediment samples plotted vs. age. δ66Zn
values for the full SSD data set are presented in panel a and the top portion of
this panel is enlarged in panel c. δ65Cu values for the full SSD data set are
presented in panel b and the top portion of this panel is enlarged in panel d. Data
from the 3 Hall Creek samples are averaged for presentation as a single data
point………………………………………………………………………........21
Figure A-1: Location of Tacoma smelter plume for Arsenic ………………...................30
Figure A-2: Sediment core obtained from Lake Ballinger, Seattle, WA………………..31
Figure A-3: Concentration data (mg/kg) plot for digested sediments from 1998 sediment
core
data
and
2007
sediment
core
taken
from
Lake
Ballinger……………………………………………………………………….3

ix

1.0 INTRODUCTION
Zinc, Cu, and other trace metal emissions that impact the atmosphere, biosphere, and
hydrosphere are a significant global problem (Pacyna and Pacyna, 2001). Zn and Cu emissions
have increased dramatically over the last decade in developing countries (Pacyna and Pacyna,
2001), and have continued to increase in urban areas of the United States and Europe despite a
three decade-long trend of decreasing concentrations for most other trace metals (Thevenot et al.,
2007; Van Metre and Callender, 1997; Mahler et al., 2006).
Sediment cores from standing water bodies can serve as time-resolvable records for trace
metals inputs (Mahler et al., 2006; Birch et al., 1996; Hornberger et al., 1999; Sonke et al.,
2002). However, the effectiveness of sediment core investigations can be limited because
concentration data alone are often insufficient to resolve metal sources. The forensic application
of metal isotopes like Pb to sediment core records has become an effective technique for
identifying and tracking anthropogenic metal sources (Petit et al., 1984; Kober et al., 1999).
More recently this same approach has been adopted for non-traditional isotopic systems like Zn
(e.g., Dolgopolova et al., 2006; Weiss et al., 2007; Mattielli et al., 2009). Zn, with 5 stable
isotopes of masses 64, 66, 67, 68, and 70, does not become oxidized or reduced under most
natural conditions and often behaves conservatively in the environment (e.g., Chen et al., 2008).
These properties are thought to make Zn isotopes a reliable tracer of Zn sources. Investigations
of slag, sediments, and aerosols associated with Zn smelting and refining have shown that the
lighter Zn isotopes are preferentially incorporated into atmospheric emissions, while tailing and
slag products are enriched in the heavier Zn isotopes (Mattielli et al., 2009; Sonke et al., 2008;
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Cloquet et al., 2006; Sivry et al, 2008). Urban runoff has also been shown to produce distinctly
light δ66Zn values (Chen et al., 2008; Cloquet et al., 2006).
Cu, with 2 stable isotopes of masses 63 and 65, is commonly found in the zero-valent,
+1, and +2 redox states in Cu-rich minerals and rocks. Under circumneutral pH conditions, free
Cu is thermodynamically unstable and will either form precipitates or complexes with available
organic and inorganic ligands (Smith and Martell, 1987). For these reasons the range of isotopic
variation of Cu in natural samples is ~ 5 times that of Zn. Several forensic investigations of
historic currency have used Cu isotopes to identify ore deposit sources (Mathur et al; 2009) and
to track ancient trading routes (Klein et al., 2004). However, Cu isotopes have received little
attention as a possible forensic tool for trace metal pollution. To date, we can find no record of
Cu isotopic measurements of a sediment core.
In this study we measure the isotopes of Zn and Cu in a sediment core from Lake
Ballinger, in Mountlake Terrace, a suburb of Seattle, Washington, USA. The base of the core
pre-dates industrialization, while the upper sections record the impact of atmospheric emissions
from a nearby smelter, as well as significant Cu and Zn inputs from rapid urbanization of the
watershed. Our primary objectives were to use Zn isotopes to fingerprint and track the sources of
Zn contamination in the Lake Ballinger sediment core, and to determine the effectiveness of
using Cu isotopes as a tool to accomplish the same goal. As a secondary focus, we present
reconnaissance Zn and Cu isotopic data for the exchangeable, organic, and Fe-oxide reservoirs
within the sediment core, as well as the first Zn isotopic data reported for tire samples.

2

2.0 LOCATION AND HISTORY OF STUDY AREA
2.1 Lake Ballinger and the Tacoma Smelter
Lake Ballinger is situated in a heavily-urbanized, 13.7 km2 watershed outside Seattle,
WA., USA (Figure 1). Residential development of the Lake Ballinger watershed began soon
after World War II. Today, the watershed is densely urbanized with 84% classified as urban land
use in 2001 (MLRC, 2001). Elevated Cu and Zn loads, possibly associated with dense
urbanization, were described in an earlier investigation of Lake Ballinger (Mahler et al., 2006).
See detailed description on Appendix (A.0).
The Tacoma smelter (now the Ruston/North Tacoma Superfund Site) is situated ~ 53 km
south of Lake Ballinger (www.yosemite.epa.gov, Figure 1). The smelter started operation in
1890 as a Pb smelter, but was converted to a Cu smelter (and As-production facility) in 1905. A
172 m exhaust stack was added to the smelter in 1917, and a sulfur control system was added in
1950. The total amounts of smelted materials averaged 300,000 to 400,000 tons annually, but
declined after 1970 until closure of the smelter in 1985. The wind direction in the Seattle area is
usually south to north and the larger proportion of the smelter emissions to the atmosphere
traveled downwind from the stack contaminating a large part of the Seattle area, including Lake
Ballinger (Deither, 1979; PSAPCA, 1981). The detailed history of Tacoma smelter and its
impacts are described in Appendix (A.1).
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3.0 METHODS
3.1 Collection and Analysis of Sediment Core
On August 14, 2007, a 6.3 cm inside diameter free-fall gravity corer was used to collect
a 50 cm tall core. The core was vertically extruded in the field and sectioned into 2-cm intervals
from 0-20 cm depth and 3-cm intervals from 20-50 cm. Samples were chilled or frozen then later
freeze-dried and powdered in preparation for the analysis of

137

Cs,

210

Pb, major and trace

elements, and Cu and Zn isotopes. Samples of stream-bed sediments from Hall Creek (the main
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tributary to Lake Ballinger) were collected in pre-washed glass jars at three separate locations
from the upper part of the watershed to near the confluence with Lake Ballinger (Figure 1).
Elemental concentrations were determined on concentrated-acid (HCl-HNO3-HClO4-HF)
digests (“near-total” digestions) by inductively coupled plasma-mass spectrometry at the USGS
laboratories in Denver, Colorado (Lamonthe et al., 2002). Cesium-137 activities were counted on
freeze-dried samples in fixed geometry with a high-resolution intrinsic germanium detector gspectrometer, using a method similar to that described by (Fuller et al., 1999). Lead-210 and
226

Ra activities were measured by high-precision g-ray spectrometry (Baskaran and Naidu,

1994).
3.2 Tire Samples
Five tire samples were collected from industrial and commercial sources. The tire
samples were ground then processed at the U.S. Geological Survey in Denver, Colorado using a
microwave-assisted acid digestion procedure (EPA Method 3052). The digested samples were
first analyzed using the aforementioned ICP-MS technique and then later processed for isotopic
analysis as described below. A complete description of the tire samples is presented in Table 1.
3.3 Selective Sequential Dissolution (SSD) of Sediment Core Samples
The remaining freeze-dried powders from the sediment core were subjected to a SSD
procedure to determine the abundances of Zn and Cu residing in the operationally-defined
exchangeable, organic, and iron-oxide fractions. Our SSD procedure (summarized in Table 2) is
a modification of the method originally described by (Tessier et al., 1979) and is similar to that
presented by (Emmanuel et al., 2005) for a study of Fe isotopes in soils.

5

18MΩ pure-water, and ultra-pure acids were used for the preparation of the reagents for
each dissolution step. All equipment was washed in a heated bath of 10% HCl overnight and
rinsed 3 times with pure water prior to experimentation. After each extraction step (Table 2), the
samples were centrifuged (5 min at 6000 g), and the supernatant decanted, filtered (0.45µm prerinsed nylon syringe filters), and preserved with concentrated HNO3 for analysis. The remaining
sediment pellets were similarly processed through the remaining extraction steps (Table 2). The
preserved supernatant fractions were analyzed with a Perkin Elmer 5300 DV ICP-Optical
Emission Spectrometer using multi-element atomic absorption standards. USGS standard
reference samples were additionally analyzed for quality assurance in all ICP runs.
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3.4 Isotopic Analysis
Total digested sediment samples, the SSD fractions, and the digested tire samples were
prepared for isotopic analysis using an anion-exchange column chromatography technique
described by (Borrok et al., 2007). All the column separates including duplicates and blanks
were first analyzed using the ICP-OES to ensure that matrix elements were cleanly separated and
that Cu and Zn were quantitatively recovered. Despite multiple attempts, several samples,
particularly those that required a great deal of pre-concentration of Cu and Zn through
evaporation, proved too difficult to separate cleanly and were discarded.
Cu and Zn isotopes were analyzed at the USGS laboratories in Denver, Colorado, using a
Nu Instruments MC-ICP-MS. Samples were introduced using a desovating nebulizer system (Nu
DSN 100) and the standard-sample-standard bracketing method was used to correct for mass bias
(Borrok et al., 2007; 2008). For Zn analysis, 64Zn, 66Zn, and 68Zn were simultaneously measured
while 63Cu and 65Cu were measured for the Cu system. The isotopic ratios of the unknowns for
the Zn and Cu systems were respectively referenced to the Johnson Matthey zinc standard (batch
JMC 3-0749-L) and the SRM 976 (NIST) Cu standard. Both reference materials were passed
through the column chemistry to ensure matrix homogeneity (Archer and Vance, 2004). Isotopic
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ratios are expressed in standard delta notation (i.e., units of per mil) relative to the average value
of the respective bracketing standards for each metal (Me) as shown in Eq. (1)

(
(

)
)

 a Me/ b Me sample

−
δ Me =  a
1
 × 1000
b
Me/
Me
standard


a

(1)

Where, a/b is 66/64 and 65/63 for the Zn and Cu systems, respectively.
The 2σ external precision reported in all figures was calculated by measuring the same
samples multiple times over several analytical sessions. Column duplicates were analyzed and
treated as replicates to encompass uncertainties originating from the separation procedure.
Thirteen total digested sediment samples were analyzed for Zn isotopes of an average of 3.2
times, and the average 2σ precision for Zn isotopes was ±0.06 ‰. Eleven total digested sediment
samples were analyzed for Cu isotopes of an average of 3.2 times, and the average 2σ precision
for Cu isotopes were ±0.09 ‰. Because the SSD and tire samples were preliminary in nature,
and thus replicated only a few of these measurements and instead applied the average uncertainty
values discussed above. A plot of mass dependency in natural log space for all Zn isotope
measurements (Figure 2) shows the appropriate mass dependent relationship of ln(68/64Zn) = 2×
ln(66/64Zn).
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4.0 RESULTS
4.1 Core Dating
The sediment core was dated by applying the constant rate of supply (CRS) model to the
210

Pb profile (Appleby and Oldfield, 1992) following the approach described in Van Metre and

Mahler (2004). The CRS model provides estimates of sediment mass accumulation rate (MAR)
for each core interval in addition to the deposition date. The CRS model is reliable for dating for
the past 100 to 150 years (Van Metre and Fuller, 2009). Deposition dates were estimated for
samples older than ~150 years using the MAR for the deepest reliably dated interval (26-29 cm
dated as 1866), hence, date estimates that are older than ~1850 are highly uncertain, but we are
9

confident the intervals represent pre-development sediment chemistry in the region. The

137

Cs

peak (~ 1964) can provide an independent check of the CRS model results; the interval
containing the

137

Cs peak (14-16 cm) was assigned a relatively early date of 1957 and the

interval above (12-14 cm) was dated as 1964. Overall, the CRS model was considered reliable
and it is sensitive to variations in sedimentation rate, so dates and MARs were based on CRS and
were not adjusted to move the 137Cs peak to 1964. The sharp 137Cs peak and consistent decrease
in excess

210

Pb from the top of the core (data not shown) indicate that post-depositional mixing

has not significantly affected the core profile.
The CRS model indicates low MAR (<0.027 g/cm2-y) prior to about 1940, increasing to a
maximum of 0.091 g/cm2-y in 1964, as rapid urbanization occurred in the watershed, then
gradually decreasing to 0.031 g/cm2-y at the top of the core (Figure 3). Al and Ti vary positively
with MAR and organic carbon (OC) varies inversely with it. Major elements and MARs support
the hypotheses that (A) erosion rates were low and sedimentation was dominated by OC prior to
urbanization, (B) that rapid urbanization resulted in loss of forest vegetation and increased
erosion of soils, and (C) that full urbanization (e.g. high impervious cover) has reduced erosion
and sedimentation (Figure 3).
4.2 Trace Element MARs.
Sediment MARs (g/cm2-yr) for each core interval can be multiplied by the
corresponding elemental concentrations (mg/g) to calculate trace element MARs (µg/cm2-yr), the
elemental mass flux to the bottom sediment (Figure 4). Concentration data for other major and
trace elements are presented in Appendix Table A-1 (Part 1). Although As is often subject to
reductive dissolution and diffusive transport in sediments (Cullen and Reimer, 1989) it does not
show a characteristic peak at the top of the sediment column, suggesting As values may
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accurately record the input history in Lake Ballinger.
The MAR data can be broken into four distinct time periods on the basis of the trends in
the metal fluxes and available site history information. These time periods are: (1) pre-smelter
operation (smelting began in 1890, but likely didn’t impact the watershed significantly until the
construction of the emissions stack in 1917), (2) smelter operation prior to significant
urbanization (~1917-1945), (3) rapid urbanization coincident with smelter operation (194511

1985), and (4) stable urban land use and post-smelter operation (1985-2007). The first European
settlement in this area of the Pacific Northwest was circa 1850, hence, the pre-1850 MAR data
for Cu, Zn, As, and Pb (Figure 4) reflect the natural background metal loads for the Lake
Ballinger watershed. MARs for Cu, Zn, As, and Pb begin to steadily increase after the start of
smelting (~1890-1917; Figure 4). Metal MARs increased 1-2 orders of magnitude from preindustrial concentrations to 1945, then increased considerably more with rapid urbanization from
the late-1940s to the 1970s. MARs peaked for most metals in 1963 (Figure 2), when Zn, Cu, Pb,
and As MARs were respectively 108, 115, 1070, and 76 times greater than the natural
background MARs. The peak in metal MARs coincides with the peak in sediment MARs but in
some cases (Pb, Zn) is offset from peak concentrations (Figure 4a &c). The MARs for Cu, Pb,
and As steadily decrease from their peak values in 1963 to 2005 (Figures 4b-d). The MAR for
Zn, however, remains near peak values through 1979 and then remains elevated through 2005,
reflecting a balance between increasing concentrations and decreasing sediment MAR (Figure
4a). The increases in metal MARs in the 1950s could indicate that urbanization was a larger
source of metals to Lake Ballinger than was fallout from smelter emissions; however, this could
also be attributed in part to land disturbance mobilizing historically (smelter) contaminated soils.
4.3 Concentration Data
The concentration profiles for Zn, Cu, Pb, and As in the sediment core, with minor
exceptions, follow the trends described above for flux (Figure 4). Arsenic has a concentration
peak in 1939 (during early smelter operation) in addition to a smaller peak in 1963 (Figure 4d).
The concentration of Pb peaked in 1972 (Figure 4c), probably reflecting the combined input of
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leaded gasoline and industrial emissions prior to the passage of the U.S. Clean Air Act and the
phasing out of Pb in gasoline. In contrast to the other elements, Zn concentrations continually
increase from 1900 to 2005 (Figure 4a). The pronounced variations in concentration trends
suggest that trace metals remained in place after burial and were not re-worked or re-mobilized
during early diagenesis. Moreover, we see no up-core movement of redox sensitive elements
(e.g., Fe, Mn, or As), nor any downward movement of smelter pollutants into the pre-smelting
period.
Similar concentration trends were recorded in a sediment core from the much larger Lake
Washington located several kilometers south of Lake Ballinger (Mahler et al., 2006). Trace metal
concentrations began to increase in Lake Washington at the start of smelter operation (~1900),
13

but the lake was affected to a lesser extent by rapid urbanization when compared to Lake
Ballinger (Figure 5). Zn and to a lesser extent Cu, deviate from the Lake Ballinger trends during
the post-smelting period, demonstrating that atmospheric input is probably the dominant metal
source to Lake Washington, while watershed sources are more important for Lake Ballinger
(Figure 5).

The SSD concentration data generally mirror the total metal concentration trends for Zn,
Cu, Pb, and As (Figure 4). The combined concentrations of these metals in the three targeted
fractions represents ~40 to 75% of the total metal concentrations (Figure 4; Table A-1 (Part1)),
suggesting that some metals reside in the residual sediment fractions (e.g., carbonates, sulfides,
silicates). Significant concentrations of Zn were found in the exchangeable, organic and FeOxide fractions, while Cu and Pb were absent from the exchangeable fraction, probably because
14

Cu and Pb form stronger bonds with organic and inorganic substrates. Arsenic was almost solely
associated with the Fe-oxide fraction, which is a reflection of the propensity for As to form
strong surface complexes with Fe-oxides (Cullen and Reimer, 1989; Sullivan and Aller, 1996).

5.0 DISCUSSION ON ZINC AND COPPER ISOTOPES
5.1 Pre-smelter Period
The δ66Zn and δ65Cu for the total digested sediment core sections varied by 0.42‰ and
0.29‰, respectively, over the >300 year core record (Figure 6; Table A-1 (Part 2)). The δ66Zn
and δ65Cu for the pre-smelter period (i.e., prior to stack construction in 1917) are distinct from
the later time periods impacted by anthropogenic metal sources. The Zn isotopes from natural
sources (δ66Zn = +0.30‰, n = 2; Figure 6a) are heavier relative to the anthropogenic sources,
while the Cu isotopes from natural sources (δ65Cu = +0.77‰, n = 2; Figure 6b) are lighter
relative to anthropogenic sources. The δ66Zn for the early 1800 sample is somewhat lighter
compared to the sample from the early 1700s, although this may reflect natural variations, as Zn
concentrations are nearly identical in these two core intervals. The pre-industrial δ66Zn here is
similar to the pre-industrial values recently recorded in a sediment core in Belgium (δ66Zn =
+0.31 ± 0.09‰ 2σ, n = 4; Snoke et al., 2008).
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5.2 Period of Smelter Operation
The smelting period is reflected in a shift in δ66Zn and δ65Cu beginning after 1900 and
lasting until the 1970’s (Figure 6; Table A-1 (Part2)). The δ66Zn signal likely attributable to the
atmospheric deposition of smelter exhaust averaged +0.14 ± 0.06‰ 2σ (n = 6) from the period
after 1900 to 1972, while δ65Cu averaged +0.94 ± 0.1‰ 2σ (n = 6) from the period after 1900 to
1979. Within the time of the smelter’s operation, there is a subtle, but not significant (i.e., within
2σ uncertainties) shift in Zn and Cu isotopes that separates pre-urbanization of the watershed
16

(i.e., from ~1900 to 1945) from the period of rapid urbanization (i.e., from ~1945 to 1984). The
lack of a significant Zn or Cu isotopic shift during the period of rapid urbanization (~1945–1965)
suggests that much of the increase in Zn and Cu MARs during this period (Figure 4a &b) might
have been caused by mobilization of historically contaminated soils (e.g., Yang et al., 2002)
which are not only from large new urban sources.
The δ66Zn of the sediment core shifted measurably to +0.01 ‰ in the 1979 sample before
rebounding to +0.18 ‰ in the 1985 sample. The Zn MAR peaked at 1979 despite the fact that
smelter throughput had decreased significantly after 1970. This suggests that there was a second
major source of anthropogenic Zn entering the watershed in 1979 that was characterized by a
light δ66Zn relative to the smelter source (Figure 5). The Zn MAR dropped significantly between
1979 and 1985 (Figure 4a), suggesting that the 1979 source was transient. We speculate that the
water quality improvements to Hall Creek conducted in 1980, which included A) removal of
existing sediments, B) bank restoration, and C) the installation of sedimentation ponds is what
caused the Zn MAR to drop from 1979 to 1985 (Councell et al., 2004). If the second Zn source
indicated by the light isotope signal in 1979 was indeed a fluvial input from Hall Creek, the
successful mollification of the Zn load would explain the brief return in 1985 to a δ66Zn
matching that of the smelter emissions.
Recent investigations have demonstrated that lighter Zn isotopes are preferentially
incorporated into atmospheric emissions during smelting (Snoke et al., 2008), waste burning
(Cloquet et al., 2006), and metal refining processes (Mattielli et al., 2009). The fractionation of
Zn isotopes during these industrial processes has been attributed to reduction of Zn during
heating or evaporation from liquid Zn metal (Mattielli et al., 2009; Snoke et al., 2008). Our
results compare favorably with the δ66Zn values measured by Cloquet et al. (2006) for urban
17

aerosols from PM-10 ambient air collectors and bus air filters (+0.12 ± 0.21 ‰ 2σ) and from flue
gases from waste incineration (+0.13 ± 0.12 ‰ 2σ). Moreover, the δ66Zn of the Zn attributed to
smelter emissions in our study (+0.14 ± 0.06‰ 2σ ‰; n = 6) are strikingly similar to the δ66Zn
values attributed to atmospheric smelter emissions recorded in a sediment core from Belgium
(+0.14 ± 0.09 ‰ 2σ; n = 7; Sonke et al. (2008). Unfortunately, this similarity is actually
inconsistent with the particle-size/distance model suggested by Sonke et al. (2008). In the Sonke
et al. investigation, the smelter source was 1 km from the sediment core location, while in our
study the sediment core location was >50 km away from the smelter. Sonke et al. predict that as
particle sizes decrease with increasing distance from a smelter, the δ66Zn of the smelter
emissions will become significantly lighter. The sameness of our results suggests that the δ66Zn
of atmospheric emissions from smelting sources are homogeneous over much larger areal extents
than previously suspected, or alternately that there are large differences in the δ66Zn values
produced from different smelters.
The range of δ66Zn values reported for atmospheric emissions also includes negative
δ66Zn values (-0.52 to -0.02 ‰) recorded for atmospheric particles collected outside a Pb-Zn
refinery in Northern France (Mattielli et al., 2009), and heavier δ66Zn values for atmospheric
pollutants trapped by lichens (Dolgopolova et al., 2006) in Russia and recorded in a peat bog in
Scandinavia (Weiss et al., 2007).
Atmospheric emissions for Cu have received considerably less attention than Zn, and we
can find no record of Cu isotopic measurements for a sediment core. We suspect that Cu is
fractionated to some extent during the smelting and refining process. However, unlike Zn, there
is great variability in the δ65Cu among Cu source materials. The variability in δ65Cu in magmatic
Cu deposits is primarily related to changes in the oxidation state of Cu during low-temperature
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re-mobilization and formation of new minerals like Chalcocite (Cu2S; Mather et al., 2009; Markl
et al., 2006). The δ65Cu of emissions from Cu smelting are therefore likely to reflect the δ65Cu of
the feed stock.
5.3 Post-smelter Period of Stable Land-Use and Zn in Tires
The post-smelter period for Cu is characterized by a shift from the δ65Cu of the smelting
period towards lower δ65Cu values for the 1992 and 2000 samples (Figure 6). Cu MARs over
this time interval decrease, but remain 10x higher than background values, suggesting that the
δ65Cu signature is reflective of an urban Cu source (Figure 4b). In contrast, the δ65Cu for the
2005 sample does not fit this pattern in that it is 0.15‰ heavier than the 1992 and 2000 samples.
We suggest that this sample is impacted by the elevated OC content of the surface layer of the
sediment (Figure 3). Our SSD investigation demonstrates that Cu nearest to the sediment surface
was largely associated with the organic fraction (Figure. 4b; Table A-1 (Part2)), and that the
δ65Cu of the organic-bound Cu was isotopically heavy (see discussion of SSD samples below).
Thus, a shift in δ65Cu values might occur with loss of some organic carbon during early
diagenesis.
Despite a modest decrease in the Zn MAR after 1979, Zn MARs remained elevated
during the entire post-smelter period (Figure 4a) and the δ66Zn shifts to lighter values (0.00 ±
0.1‰ 2σ, n = 3; Figure 5). Grab samples of surface sediments from Hall Creek, the main
tributary to Lake Ballinger (Figure 1), are characterized by high Zn concentrations (mean of 785
mg/g) and a δ66Zn of +0.02 ± 0.06‰ 2σ (n = 3), which is similar to the top-of-core concentration
(755 mg/g, Fig 2a) and δ66Zn (0.0‰; Figure 6). This suggests that post-smelter Zn is derived
from urban runoff (Hall Creek) and not directly from atmospheric sources. This interpretation
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also fits well with our explanation of the +0.01‰ δ66Zn in 1979. We believe the source for the
1979 Zn was urban runoff, prior to the remediation work in Hall Creek in 1980.
Chen et al. (2008) demonstrated that light Zn isotopes (-0.04‰) were associated with Zn
loading from runoff of Zn-rich building materials and gutters in Paris, France. Based on the light
δ66Zn (<0.0‰ in some cases) of lichens collected in an urban center of Metz, France, Cloquet et
al. (2006) suggested that automotive traffic was a likely source of light Zn isotopes. Gioia et al.
(2008) recently confirmed this suggestion with measurements of urban aerosols in São Paulo
City, Brazil. Because Lake Ballinger is also located in an urban center with nearby highways
(Figure 1), runoff from road materials (possibly from tire wear, Councell et al., 2004; Davis and
Shokouhian, 2001; Sadiq et al., 1989) is a likely source for the light δ66Zn. To further investigate
the possibility that tire wear might be responsible for the post-smelter δ66Zn signal in Lake
Ballinger, we analyzed the Zn isotopes in 5 tire samples (Table 1). The δ66Zn for these tires
varied from +0.14‰ to -0.10‰, and the average value of +0.04 ± 0.2‰ (2σ) (Table 1). The
variation likely reflects differences in tire manufacturing processes. On the basis of the mean, the
δ66Zn in rubber from automobile tires is a likely explanation for the near 0.0‰ δ66Zn of the postsmelter samples from Hall Creek and Lake Ballinger.
5.4 SSD Isotopic Data
Figure 7 and Table A-1 (Part 2) presents the δ66Zn for the exchangeable, organic, and
Fe-oxide fractions of the Lake Ballinger sediment core, as well as the δ65Cu for the organic
fraction. Our measurements for Cu isotopes were limited to the organic fraction because the
exchangeable fraction contained no measurable Cu, and we were unable to cleanly separate Cu
from the much greater amounts of Fe present in the Fe-oxide fraction.
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The δ66Zn of the Fe-oxide and organic fractions are relatively stable as a function of
depth, varying by only ~0.2‰ over the entire length of the sediment core. In all cases, the δ66Zn
of the organic fraction is heavier than that of the Fe-oxide fraction. The exchangeable fraction is
characterized by a heavy δ66Zn in the upper sections of the core and a very light δ66Zn (-0.3 to 0.4‰) in the pre-smelter period (Figure 7a, c). During the post-smelter period, Zn from urban
runoff, possibly from tire wear, appears to be closely associated with the Fe-oxide fraction in that
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the δ66Zn for the Fe-oxide fraction (~ -0.1‰) is very light compared to the other fractions and is
consistent with δ66Zn in bulk sediment.
The δ65Cu of the organic fraction varies by ~ 1.0‰ over the length of the sediment core
(Figure 7b); however, most of the change in δ65Cu occurs within the post-smelter period (Figure
7d). The δ65Cu of the organic fraction is heavy at the top of the core and shifts to lighter values
by ~1980 (Figure 7d). It is unclear whether this isotopic shift is related to changes in
anthropogenic Cu inputs or to changes in the organic content of the core during diagenesis.
However, the extremely heavy δ65Cu of organic bound Cu at the top of the core does explain the
seemingly anomalous δ65Cu of the 2007 total digested sediment sample (Fig 7b).

6.0 CONCLUSIONS
•

Isotopic data from the more than 300 year record of sedimentation shows distinct signatures
related to 1) Pre-Smelting or background, 2) Smelting and rapid urbanization, and 3) Postsmelting.

•

Mattielli et al. (2009) and Sonke et al. (2008) proposed a particle-size distance model that
predicts that the δ66Zn of atmospheric particles will decrease as the particle sizes decrease
with increasing distance from a smelter. Our investigation does not fit this model because the
smelter δ66Zn signal for Lake Ballinger (about 50km away from the source) remains positive.
We conclude that the δ66Zn for smelter emissions may be more homogeneous over a much
broader extent than previously considered.

•

Our results suggest that δ65Cu values showed a similar pattern to δ66Zn, which suggests that
Cu isotopes can also be used as tracer to track anthropogenic contamination sources.
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•

δ66Zn was measured for five different tire samples. The values averaged +0.04 ± 0.2‰,
matching the light isotopic signature on the top section of core and Hall Creek sediments.
Hence, tire wear is a likely source for Zn pollution in urban environments.

•

The selective sequential dissolution (SSD) technique shows that 1) δ65Cu of the organicbound Cu is isotopically heavy (largely associated with organic carbon on top section of
core), 2) Exchangeable fraction is characterized by heavy δ66Zn on top section of core, 3)
δ66Zn Fe-oxide fraction is lighter as compared to other fractions during post-smelter period.

•

Pre-smelting signatures are represented by heavy isotopic signature of Zn and light isotopic
signature for Cu from geochemical background or natural sources.

•

The δ66Zn and δ65Cu values for Lake Ballinger sediments do not change significantly from
the smelting to the rapid urbanization period, suggesting that Zn and Cu from historically
smelter-contaminated soils were re-mobilized during soil erosion in the period of rapid
urbanization.

•

During the post smelting period, Zn shows the lightest isotopic signature (distinct from the
smelting impact) that signifies possible sources from road runoff or tire wear. Additionally,
the heavier isotopic signature of Cu combined with elevated amount of organic carbon
suggest an urban Cu source.
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APPENDIX
A.0 Site History:
Lake Ballinger is located south of the Snohomish County border, outside Seattle,
Washington at coordinates 47o 46’ 56.47” N and 122o19’ 43.49” W (Universal Transverse
Mercator projection, NAD 83). The Lake Ballinger watershed funnels runoff from urban and
natural sources to the lake via Hall Creek (Figure 1, in the main text). The lake has a surface area
of approximately 0.4 km2 , a maximum depth of 11 m, and an average depth of only 5 m (BellMcKinnon, M., 2006). Lake Ballinger receives considerable storm runoff from the cities of
Edmunds, Mountlake Terrace, Shoreline, and Lynnwood (all suburbs of Seattle). Natural
sediment input in the watershed is derived from loam-rich glacial till deposits, and the urban
sediment input is mainly from storm water runoff of the nearby urban landscape. The watershed
can be divided into land uses, including 60% medium density housing and multifamily
dwellings, 30% commercial/industrial activities, 5% parks and community facilities, and 5%
open space (Bell-McKinnon, M., 2008). Lake Ballinger is currently being utilized for
recreational activities such as fishing, boating, swimming, and wind surfing.
A joint study by the University of Washington and the town of Mountlake Terrace in
1977 found that Lake Ballinger was experiencing a high amount of sediment loading due to the
extensive urban development and erosion in the watershed (METRO, 1977). Water quality was
deteriorated by petroleum products from road runoff, nutrients from fertilizers, and fecal
coliform bacteria from domestic pets, animals, and birds (Lake Ballinger fact sheet, 2008). The
pollutants included extremely high concentrations of ammonia and phosphorous. The excess
nutrients caused algal blooms and macrophyte growth, and the process of decomposition
removed oxygen from the lake. These problems affected the aquatic organisms and salmon
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populations in the water body (Lake Ballinger fact sheet, 2008). Also, the continuous increase in
settlement has added impervious surface area (e.g., roads, sidewalks, parking lots) in the lake
watershed. These impervious surfaces increase the amount of stormwater runoff after rainfall
events and facilitate rapid rises in lake levels in response to precipitation.
Mountlake Terrace County received a grant from the EPA and DOE to improve the water
quality of Lake Ballinger in 1978. A three-phase project for the restoration of water quality of
Lake Ballinger was implemented in 1980, 1982 and 1986 (Bell-McKinnon, M., 2006; 2008).
Two sedimentation ponds were constructed in the Hall Creek in 1980 to minimize sediment input
before water drained into Lake Ballinger (in Phase I). A bank restoration of Hall Creek was
completed in the same year to remove the accumulated sediment from the creek channel. Phase
II included an injection system to transfer oxygen-rich water from Hall Creek and inject it into
the hypolimnion of the lake to prevent anoxic conditions. In addition to the oxygenated water
injections, the most nutrient-rich layer was pumped from the lake and discharged to McAleer
Creek (a creek south of Lake Ballinger that empties into Lake Washington). After completion of
phase I and II, the total phosphorus load was reduced from 227 kg in 1979 to 17 kg in 1984
(KCM, 1985). Phase III included a short-term alum treatment to control high phosphorous
loading to the lake (KCM, 1986); however, by the end of treatment in 1991, continued
phosphorus loading from human activities in the watershed caused the treatment to lose its
effectiveness (Khan, 1993). Recently, the cities of south Snohomish county began discussions on
development of a new management program for Lake Ballinger (Bell-McKinnon, M., 2008).
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A.1 History of Tacoma Smelter
In addition to the impacts from runoff and recreational activities, Lake Ballinger has been
impacted historically by the ASARCO-Tacoma smelter. ASARCO’s Tacoma smelter (now the
Ruston/North Tacoma Superfund site) operated for about a century, from 1890 to 1985. The
smelter specialized in the smelting of complex ores, and was a major domestic supplier of
arsenic, lead, and copper as well as other byproducts metals like antimony, bismuth, silver,
nickel, zinc, cadmium, and selenium (NEA, Inc., 1984; ASARCO reports, 1993). During
smelting, the process of ore concentration produces a variety of bi-products like slag (residual
ores), sulfuric acid, liquid sulfur di-oxide, ambient dusts, and airborne emissions. The
contaminant gas and entrained particulates were released from a 172 m tall exhaust stack (built
in 1917) and the contaminant plume was dispersed over a wide areal extent (Glass, 2003; Figure
A-1).
The ASARCO-Tacoma smelter was a major source of long-term deposition of
contaminants in soil and sediments. Previous studies confirm that there is significant local
contamination with metals accumulated in soil and sediments deposited in the Pugent sound area
(Carpenter et al., 1978; Glass, 2003). For example, Labbe (1973) found that approximately 133,
82, 14, 6, and 1 tons of arsenic, lead, zinc, copper and cadmium, respectively, were released from
the smelting operations into the environment in 1972. Since 1999, the Washington State
Department of Ecology and local health department have investigated soil of the Tacoma
Smelter Plume Site. The plume site area includes more than 450 square miles of King and Pierce
County, covering distances more than 20 miles from the smelter location (Glass, 2003, Figure A1). The extensive soil sampling provides data on arsenic and lead, as well as other trace elements
(approximately 35 elements in total) (Glass, 2003). An elevated amount of arsenic and trace
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metals were recorded from monitoring locations located 100 km or more downwind (in north and
northeastern direction) of the smelter although these areas are not shown in Fig A-1 (Carpenter et
al., 1978). Atmospheric smelter emissions impacted areas far to the north and northeast of the
smelter site, which is evidenced from measured metal deposition in an Alpine lake, 80 Km
northeast of the smelter (Dethier, 1979; PSAPCA, 1981). Lake Ballinger falls within this range
of the contaminant plume (Figure A-1).

Lake Ballinger

Lake Washington

Tacoma
ZLaSmelter
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A.2 Previous Study: 1998 sediment core investigation
A sediment core was previously collected from Lake Ballinger in 1998 during a 34 lake
assessment

of

trace

metal

trends

in

the

U.S.

(Mahler

et

al.,

2006).

The

Figure A-2 Sediment core obtained from Lake Ballinger, Seattle, WA (2007)

sediment core study of Lake Ballinger showed a dramatic increase in Zn and Cu concentrations
in the upper sections of the core (post-1970), whereas there were significant decreasing trends in
the concentrations of other trace metals like lead and arsenic. Decreases in these trace metals are
likely attributable to the Clean Air Act and the ban on leaded gasoline. Mahler et al. (2006)
suggested that the unusually elevated Zn and Cu loads were attributable to dense urbanization
and changes in land-use patterns of the watershed. These initial findings showed the need to
revisit Lake Ballinger and apply new tools to resolve the metal sources for Zn and Cu. Not
enough samples were left from the 1988 core, so re-coring of the lake was done in 2007 for this
investigation (Figure A-2). The trace element concentrations from the original core (Mahler at
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al., 2006) are consistent with this current investigation, demonstrating that the contaminant
metals are distributed homogeneously throughout the lake sediments and that sampling was
reproducible (Figure A-3).

A.3 History and Development of Zn and Cu Isotopic Measurements

Zn has five stable isotopes of mass

64

Zn,

66

Zn,

67

Zn,

68

Zn, and

70

Zn with natural

abundances of 48.63, 27.90, 4.10, 18.75 and 0.62% respectively (Rosman and Taylor, 1998).
Zinc is a suitable element for looking at isotope variations because it is volatile and mobile at
high temperatures, but largely conservative at low temperatures (Maréchal et al, 1999). Cu has
two stable isotopes with masses
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Cu and

65

Cu and natural abundances of 69.1% and 30.9%,

respectively. Cu is one of the major ores that was processed in the ASARCO-Tacoma smelter,
and therefore is relevant to our investigation. Cu is abundant in sulfide minerals and might also
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be used in geochemical tracer studies (Beard et al., 1999; Maréchal et al, 1999 Zhu et al., 2000;
Zhu et al. 2002). Isotopes of 64 and 66 are the most abundant for Zn and their ratio relative to
that of a standard is what is used when reporting the Zn isotopic ratio. Cu and Zn isotopic ratios
are reported in standard delta notation (in units of per mil) and are presented as δ66Zn and δ65Cu
(Refer to Eq. 1 in the text).
A.3.1 Zn and Cu Isotopic Measurements in Natural Samples
Zinc and copper isotopes have been analyzed in various natural rock, soil, and water
samples. The initial measurements were gathered from basalts near active volcanoes (δ65Cu= 0.03‰ and δ66Zn= +0.25‰ (Maréchal et al., 1998; 2000) and from ferromanganese nodules
from oceans (δ65Cu averaged +0.31 ± 0.23‰ and δ66Zn averaged +0.90 ± 0.28‰; Maréchal et
al., 2000). Maréchal et al. (2000) measured Cu and Zn isotopes in clay minerals from Paleozoic
shales, ocean sediments, and aeolian dusts and found that they fell within range of +0.17 to
+0.35‰ δ66Zn and -2.83 to -0.94‰ δ65Cu. Archer and Vance (2002) analyzed Belingwe black
shale and found copper isotopic values of -1.0‰ and zinc isotopoic values of +1.1‰. Carbonates
from the Equatorial Pacific had Zn isotopic signatures ranging from +0.60 ± 0.2‰ to +1.34 ±
0.2‰ (Pichat et al., 2003). More recently, Petit et al. (2008) described variation in δ65Cu (-0.38
to 0.23‰) and δ66Zn (+0.21 to +1.13‰) of sediments in the Scheldt estuary shared by Belgium
and the Netherlands. Petit and co-authors interpreted that the heavier isotopes are representative
of less anthropogenic impacts (i.e. natural sources for marine sediments) and that the lighter
isotopes were associated with anthropogenic impacts or highly polluted continental sediments.
Copper and zinc are essential micronutrients for life, and isotopic variation in biological
materials has been documented for samples of human blood (δ65Cu= +0.3‰, δ66Zn= +0.56‰),
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mussel tissue (δ66Zn= +0.82‰), human hair (δ66Zn= -0.6‰), phytoplankton (δ66Zn= +0.16‰),
and yeast cells (δ65Cu= -16.4‰; Stenberg et al., 2004; Maréchal et al., 1999; Zhu et al., 2002).
The natural variation in Zn and Cu isotopes occurs mainly due to biogeochemical and
physicochemical reactions such as precipitation, weathering, nutrient cycling, adsorption, ionexchange and diffusion (Maréchal et al. 1999; Zhu et al., 2002; Larson et al., 2004, Ehrlich et al.,
2005; Mathur et al., 2005; Markl et al., 2006; Archer and Vance, 2004; Vance et al., 2004).
Bermin et al. (2006) and John (2007) suggest that Zn isotopes from the ocean are lighter with
respect to Zn isotopes of continental material due to biological uptake in oceans. The δ65Cu of
the surface of Pacific Ocean was found to be less than that of the deep Pacific Ocean, which was
attributed to adsorption of the heavy Cu isotopes on particulate organic material during
biological cycling or nutrient cycling (Bermin et al., 2006). Evidence that biological uptake can
also fractionate metals includes the fact that lightest Zn isotopes measured to date (δ66Zn= -0.19
to -0.55‰) are accumulated in bamboo leaves (Moynier et al., 2008). Other studies have
confirmed this trend with measurements of tree leaves (δ66Zn= -0.03 to -0.91‰), and herbaceous
leaves (δ66Zn= +0.26 to +0.63‰) (Weiss et al., 2005; 2007; Viers et al., 2007). Unlike Zn, Cu is
additionally fractionated during redox reactions in natural systems. Generally, Cu (I) minerals
are 3 to 4‰ lighter than Cu (II) minerals (Zhu et al., 2002; Ehrlich et al., 2004; Mathur et al.,
2005; Markl et al., 2006). Mathur et al. (2005) showed that the oxidative dissolution of
Chalcocite (Cu2S) and Chalcopyrite (CuFeS2) produces isotopically heavier δ65Cu in the fluid
relative to the starting Cu (I) minerals. During oxidative weathering, the heavy Cu and Zn
isotopes of sulfide minerals (∆66Cu

solution-chalcopyrite

= 0.0 to +2.0‰; ∆66Zn

solution-sphalerite

= 0.0 to

+0.2‰) are initially released from host rock (Borrok et al., 2008; Fernandez and Borrok, 2009).
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In addition to the oxidative fractionations, Vance et al (2008) demonstrated the importance of
Cu-organic complexes in controlling the isotopic value of the dissolved Cu phase in rivers.
During adsorption, the heavier isotopes of Cu prefer to adsorb onto the metal oxide
surfaces relative to the lighter isotopes that remain in solution (∆65Cu solution - amorphous Fe oxyhydroxide =
0.73 ± 0.08‰; ∆66Zn solution - amorphous Fe oxyhydroxide = -0.52 ± 0.04‰; Balistrieri et al., 2008). Other
studies on Cu and Zn isotopes also reported that the heavy isotopes prefer to adsorb onto mineral
surfaces (Mathur et al., 2005; Pokrovsky et al., 2005; Joliet et al., 2008; Pokrovsky et al., 2008).
A.3.2 Zn and Cu Isotopic Measurements in Anthropogenic Samples
In addition to the variation in natural samples, Zn and Cu isotopic fractionation has been
measured for anthropogenic activities. For example, Weiss et al (2007) studied Zn isotopes to
identify atmospheric sources such as mining and smelting impacts and post depositional
processes in a sediment core of ombrotrophic peat from Finland. Sonke and colleagues (2002;
2008) used Zn isotopes to trace the sources of atmospheric Zn pollution in a sediment core and in
river sediments. In the Sonke et al. (2008) investigation, the δ66Zn of the pre-industrial section
(prior to Zn contamination) of a sediment core collected near a former Zn smelter was +0.31 ±
0.05‰. Zn contamination in the upper part of the core was characterized by a δ66Zn of +0.14 ±
0.09‰, which corresponded to the anthropogenic Zn signal from the nearby smelter (Sonke et al,
2008). In a study of the Lot watershed (an area impacted from Zn ore processing) in France,
Sivry et al., (2008) reported that the δ66Zn of refinery tailings (+0.18 to +1.49‰) were heavier
than the global average δ66Zn of sphalerite ores (δ66Zn= +0.16 ± 0.2‰; Sivry et al., 2008; Sonke
et al., 2008; Cloquet et al., 2008). These tailings polluted the sediments downstream in a nearby
River, demonstrating the possibility of using Zn isotopes to trace pollution sources (Sivry et al.,
2008). Mattielli et al. (2006; 2009) reported a change in Zn isotopes in aerosols as a function of
35

distance from a metal smelting/refinery facility. They found that the lighter Zn isotopes (δ66Zn =
-0.52 to -0.02‰) were associated with small PM10-sized particles as compared to the relatively
heavy δ66Zn (+0.02 to +0.19‰) of the larger (> 10µm) airborne particles nearer to the
metallurgical plant proposed as particle size distribution model by Mattielli et al. (2006) and
Mattielli et al. (2009). This model can be attributed to kinetic fractionation of Zn isotopes as the
lighter isotopes become enriched in the vapor phase during smelting/burning (airborne particles
in atmosphere), while the heavier isotopes remain in the solid/liquid phases (slag deposits;
Cloquet et al., 2006b; Wombacher et al., 2004; Mason et al., 2005; Sivry et al., 2008; Snoke et al,
2008; Mattielli et al., 2009). Evaporation–condensation processes occur during anthropogenic
activities such as ore processing, smelting and refining, electroplating, waste incineration, and
combustion. The isotopic fractionation factor estimated for this process by Sivry et al., (2008)
was αslag-vapor =1.0002-1.004 and by Mattielli et al., (2009) it was estimated to be αslag-vapor
=1.0004-1.008. Zn isotopes have been studied in various environments to track man-made
contaminants, such as in urban rain, aerosols, loesses, air filters, sediment cores, and lichens
(Luck et al., 1999; Othman et al., 2001; Dolgopolova et al., 2005; Cloquet et al., 2006). Luck et
al. (1999) reported that urban precipitation from southern France had a δ66Zn ranging from -0.2
to -0.1‰, which was interpreted as evidence of the impact of atmospheric Zn contamination.
This suggestion was supported by the fact that the δ66Zn of rural precipitation (presumably less
impacted by anthropogenic sources) was +0.0 to +0.15‰. Lichens act as a sponge for
atmospheric particles, so they can be useful as sampling substrates for pollution. Cloquet et al.
(2006) documented the δ66Zn of lichens collected from urban areas such as France, U.S. A. were
-0.2 to +0.5‰. These δ66Zn values overlapped with the δ66Zn measured for urban aerosols
(PM10) of +0.21‰, bus air filters of industrial areas +0.12 ± 0.21‰, and for flue gases from a
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city waste combustor of +0.13 ± 0.12‰. These values were lighter than the δ66Zn from rural
areas of north-east France (Cloquet et al., 2006). A study from Gioia et al (2008) helped to
distinguish sources of air pollution between gasoline, industrial dusts, and background emissions.
They found that the lightest δ66Zn values were from traffic pollution, and that the coarse particles
of aerosols had a δ66Zn of -0.96 to -0.37‰ and that the fine particulates had a δ66Zn of -1.04 to 0.02‰ (Gioia et al., 2008). A δ66Zn of -0.02 to -0.07‰ was reported from roof runoff and road
runoff in the Seine River, France (Chen et al., 2008). Study on the anthropogenic Cu has not
been published to date.
In summary, the total range of δ66Zn natural variation in minerals and rocks, spans of
about 2.0 ‰ (ranging from -0.4‰ in sulphide ore from Alexandrika, massive sulfide deposit in
Russia (Mason et al., 2005) to +1.4‰ for deep sea carbonates (Pichat et al., 2003). The δ66Zn of
anthropogenic samples ranges from -0.52‰ in PM10-sized particles from a metal
smelting/refinery facility (Mattielli et al. 2006; 2009) to +1.49‰ in refinery tailings (Sivry et al.,
2008; Sonke et al., 2008; Cloquet et al., 2008). The natural variation of δ65Cu has been reported
as 8‰ (Walker et al., 1958) and 12‰ (Shields et al., 1965). This range has been corroborated by
others (Marechal et al., 1999; Zhu et al., 2000; Zhu et al., 2002 and Markl et al., 2006), and was
recently suggested to be higher than 12‰ in a study of low-temperature secondary Cu-minerals
(Mathur et al., 2008).The anthropogenic variation of δ65Cu has not been reported prior to this
study. The δ66Zn of natural and anthropogenic samples overlap with each other but the
anthropogenic variation covers a slightly larger range on the positive and negative spectrum than
the natural variation.
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